Abbreviations: ICP-AES, inductively coupled plasma-atomic emission spectrophotometry; NMR, nuclear magnetic resonance; P i , inorganic phosphorus; PL, poultry litter; P o , organic phosphorus; Soil-0, soil without poultry litter application; Soil-20, soil with annual poultry litter application for 20 years.
A ccurately characterizing P forms in the environment is a prerequisite for the development of effective remediation and management strategies to minimize the adverse environmental impacts of P. Typically, P in environmental samples is characterized by solution-based techniques. These methods include sequential fractionation (Hedley et al., 1982a; Dou et al., 2000; He et al., 2003a) , enzymatic hydrolysis (Pant et al., 1994; He et al., 2004a He et al., , 2006c , and solution 31 P NMR spectroscopy (Cade-Menun et al., 2002; Turner et al., 2003a; Toor et al., 2005) . The Hedley et al. (1982b) fractionation scheme separates soil P into anion exchange resin (labile P), 0.5 mol L −1 NaHCO 3 (labile P adsorbed on crystalline surfaces), 0.1 mol L −1 NaOH (P associated with exteriors of AL and Fe oxides or carbonates), 1 mol L −1 HCl (Ca-bound P), and residual fractions. Recently, the anion exchange resin fraction has been replaced by a H 2 O fraction to investigate P distributions in animal manure and composts (Dou et al., 2000 (Dou et al., , 2002 Ajiboye et al., 2004; He et al., 2004a He et al., , 2006c McDowell and Stewart, 2005) and relevant amendments or soils (Sui et al., 1999; He et al., 2006b; Yu et al., 2006) . Whereas the modifi ed Hedley sequential fractionation provides valuable information on P solubility and lability, the interpretation of P fractions in soil (Hedley et al., 1982a (Hedley et al., , 1982b may not be applicable to manure P because the physicochemical characteristics of P in manure may differ from those of soils (He et al., 2003a) . Furthermore, He et al. (2006a) demonstrated that both inorganic P (P i ) and P o may be present in a sequentially extracted 1.0 mol L −1 HCl fraction, contrary to the assumption used in many previous studies that only P i resides in this fraction. Identifi cation of possible P o species contained in HCl fractions of the sequential fractionation scheme would provide more accurate and comprehensive characterization of a P sample. For instance, based on the above study, Vadas et al. (2007) assumed that only 65% of HCl-extracted P in animal manure was P i in their runoff models.
For these reasons, efforts have been made recently to obtain more detailed information on P in sequentially extracted fractions of soils and manures. He et al. (2003a) comparatively investigated the sequentially extracted P fractions in a sandy loam soil and a swine manure. Elemental analysis and ultraviolet-visible and Fourier-transform infrared spectra revealed differences in chemical composition of the soil and manure fractions. These differences must be recognized when developing and interpreting fractionation procedures for a specifi c type of sample. Hunger et al. (2005) examined the metal species in residues of poultry litter using solid-state 31 
Phosphorus in Poultry Litter and Soil: Enzymatic and Nuclear Magnetic Resonance Characterization
Knowledge of the P forms in poultry litter (PL) and their transformations in soil will help improve our understanding of the long-term role of P in eutrophication. In this study, samples of PL and pasture soils with and without 20 yr of PL application were sequentially extracted to separate P into H 2 O, 0.5 mol L −1 NaHCO 3 , 0.1 mol L −1 NaOH, and 1 mol L −1 HCl fractions. After appropriate dilution and pH adjustment, the fractions were incubated in the presence of orthophosphate-releasing enzymes. Cross-examination of the solution 31 P nuclear magnetic resonance spectra of the enzymatically treated and untreated fractions revealed that the peaks of organic P (P o ) species of the enzymatically treated fractions became very weak or disappeared, confi rming enzymatic hydrolysis of P o in the untreated fractions. Although the majority of P in the NaOH and HCl fractions of PL was in organic forms, these stable P o forms could be subjected to enzymatic hydrolysis after being applied to soil, an occurrence that was supported by the soil P data. Compared with soil without litter applied, 20 yr of PL application increased the pools of both labile and stable inorganic P in the soil; however, repeated application of PL did not lead to a signifi cant accumulation of hydrolyzable P o in NaOH and HCl fractions, indicating that the stable P o must have been converted to other forms. The transformation of stable PL P o observed in this study could be an important mechanism for maintaining a balance between labile and immobile P in soils.
spectroscopy after each step of a sequential fractionation. They came to a similar conclusion that the results of sequential fractionation should be used with caution when assessing the magnitude of various phosphate pools in animal manure. Solution 31 P NMR (Turner and Leytem, 2004) and phosphatase hydrolysis (He et al., 2004a (He et al., , 2006c have been incorporated with sequential fractionation to obtain more specifi c information on P forms in sequential fractions of animal manure. The two methods separately demonstrated the presence of signifi cant P o in sequentially extracted 0.1 mol L −1 NaOH and 1 mol L −1 HCl fractions of animal manure, especially poultry litter (He et al., 2006c; Turner and Leytem, 2004) .
Both 31 P NMR spectroscopy and phosphatase hydrolysis are valuable tools for P characterization. The principles of the two methods, however, are different. Solution 31 P NMR spectroscopy identifi es P forms based on 31 P NMR signals of different P compounds under alkaline conditions (Turner et al., 2003a (Turner et al., , 2003b Cade-Menun, 2005; Makarov, 2005; Toor et al., 2005) . In an enzymatic method, specifi c forms of hydrolyzable P o are identifi ed and quantifi ed by the difference in P i detected after incubation in the presence and absence of phosphatase (He et al., 2006c; Toor et al., 2003; Turner et al., 2002) . He et al. (2007) quantitatively compared the similarities and differences in P species identifi ed by the enzymatic and NMR methods using NaOH-EDTA extracts of dairy and poultry manures, and concluded that the distribution patterns of the major P forms in animal manure determined by the two methods are similar although not identical. Enzymatic hydrolysis identifi ed less phytate P than NMR in both wet and dry poultry manures. They hypothesized that the lower contents of phytate P quantifi ed by enzymatic hydrolysis could refl ect incomplete hydrolysis with added enzymes. On the other hand, NMR spectroscopy may overestimate phytate due to potential misassignment of 31 P chemical shifts to phytate in NaOH-EDTA extracts (Smernik and Dougherty, 2007) . Those observations warrant more rigorous examination of the accuracy of both enzymatic hydrolysis and solution 31 P NMR analysis.
The objectives of this study were to: (i) examine the difference in the solution 31 P spectra of sequential fractions of PL before and after enzymatic hydrolysis; and (ii) examine the residual P forms in soil with 20 yr of PL application. The spectral differences in the enzymatically treated fractions were further used for comparing the accuracy of enzymatic hydrolysis and solution 31 P NMR analysis. This research also provided additional insight into the P transformations occurring in PL-amended soil.
MATERIALS AND METHODS

Poultry Litter and Soil Samples
Representative litter samples were obtained from several areas within a broiler house in northern Alabama and were composited in plastic buckets. Subsamples were air dried for 48 h on greenhouse benches, homogenized in a commercial blender, ground to pass through a 0.5-mm sieve, and stored at room temperature.
Soil samples were collected from slope positions (3-8% slope) of the Hartsells soil series (fi ne-loamy, siliceous, subactive, thermic Typic Hapludults) in the Sand Mountain region of northern Alabama. Three soil cores each were collected randomly from the control fi eld (no PL application) and the fi elds amended with poultry litter (continuously received PL for 20 yr at rates of 1.36 Mg ha −1 yr −1 ). The three core samples were treated as independent samples. The surface soil (0-20-cm depth) from these cores was used in this study because this depth was within the root zone of the pasture grown on these fi elds. To avoid bias in sampling positions, control and amended samples were taken on level positions. Sampling locations also excluded features such as equipment tracks, ridges, and former pond sites. The soil samples were air dried, ground to pass a 2-mm stainless steel sieve, and stored in plastic bags at room temperature.
Fractionation, Dilution, and pH Adjustment of Extracts
This procedure was based on a previous study (He et al., 2006c) but at a larger scale for the present study. Briefl y, each sample (1.0 g of PL or 6 g of soil) was extracted by 100 mL of water at 22°C. After 2 h of extraction, the extracts were centrifuged at 14,000 × g for 30 min at 4°C and the supernatant was passed through a 0.45-μm fi lter. To reduce contamination by residual extractant and extracted P in the pellet portion in the next extraction, the residues (pellets) were washed with 5 mL of water and the washing supernatant was discarded after centrifuging. Using the same procedure, the residues were then sequentially extracted by 0.5 mol L −1 NaHCO 3 (pH 8.5), 0.1 mol L −1 NaOH, and 1 mol L −1 HCl for 16 h each. Fractionations were performed in duplicate.
Water fractions of PL were diluted to 1:5 by adding 25 mL of 400 mmol L −1 NaOAc buffer (pH 5.0) to 20 mL of the fraction and 55 mL of water. No dilution was made of the water fraction of soil samples. Bicarbonate fractions were diluted to 1:5 by slowly adding 5.12 mL of 2.5 mol L −1 acetic acid to 20 mL of fraction and 75 mL of water. The pHadjusted NaHCO 3 fractions were set aside for 1 to 2 h to allow excessive CO 2 to bubble out. Hydroxide fractions were diluted to 1:2 by slowly adding 1.36 mL of 2.5 mol L −1 NaOAc, 1.52 mL of 400 mmol L −1 NaOAc buffer (pH 5.0), and 16.7 mL of water to 20 mL of fraction. To prevent P compounds from precipitating during pH adjustment, 0.4 mL of 100 mmol L −1 ethylenediaminetetraacetic acid (EDTA) was also added to the NaOH fraction. Acid fractions were diluted to 1:10 (PL) by slowly adding 80 mL of 400 mmol L −1 unbuffered NaOAc and 10 mL of water to 10 mL of fraction, or 1:4 (soil) by slowly adding 40 mL of 400 mmol L −1 unbuffered NaOAc, 15 mL of 1 mol L −1 NaOH, and 5 mL of water to 20 mL of fraction. In this way, all diluted fractions had a pH value of 5.0. Aliquots of 1 mL of each pH-adjusted extract were removed for P determination.
Enzymes and Enzymatic Incubation
Acid phosphatases (EC 3.1.3.2) Type IV-S from potato (5.3 U mg −1 solid), 3-phytase (EC 3.13.8) from aspergillus fi cuum (3.5 U mg −1 solid), and nuclease P1 (EC 3.1.30.1) from Penicillium citrinum (355 U mg −1 solid) were obtained from Sigma (St. Louis, MO). One unit (U) of enzyme activity was defi ned as liberation of 1.0 μmol of relevant product from appropriate substrates under optimal incubation conditions based on the supplier's information.
The enzymatic hydrolysis procedure was modifi ed from previous studies (He et al., 2004a (He et al., , 2007 to accommodate NMR analysis of the extracts after enzymatic hydrolysis. After preincubation for 30 min at 37°C, a pH-adjusted extract was incubated with potato acid phosphatase (0.25 U mL −1 fi nal activity in the incubation mixture) for 1 h at 37°C. Subsequently, nuclease P1 (2 U mL −1 fi nal activity) and 3-phytase (0.25 U mL −1 fi nal activity) were separately added in the incubation mixture with 1-h incubation intervals. Aliquots of 0.5 mL were taken out after 1 h of incubation with each enzyme addition for P determination. The remaining incubation mixtures of two duplicate extracts were then pooled, and 60 to 120 mL was freeze-dried for NMR analysis. Controls omitting either the enzyme or substrates were included.
Solution Phosphorus-31 Nuclear Magnetic Resonance Spectroscopy
Freeze-dried untreated and enzyme-treated extracts were dissolved in 0.6 mL of 10 mol L −1 NaOH, 1.0 mL deuterium oxide (D 2 O), and 0.6 to 1.8 mL of a solution of 0.25 mol L −1 NaOH and 0.05 mol L −1 Na 2 EDTA and were allowed to stand for 30 min with occasional vortexing. The volume of NaOH-EDTA solution varied depending on sample viscosity; the NaHCO 3 fractions were the most viscous. Samples were then centrifuged for 20 min at approximately 1500 × g, transferred to NMR tubes, and stored at 4°C before analysis within 24 h. Solution 31 P NMR spectra were acquired at 242.75 MHz on a Varian INOVA600 MHz spectrometer equipped with a 10-mm broadband probe, using a 90° pulse, 0.68-s acquisition, 4.32-s pulse delay, 82.4-μs dwell time, 17.9-μs pulse width, and 12-Hz spinning (Varian, Palo Alto, CA). The spectral width was 12135.9 Hz and the number of points was 8192. The delay time was based on prior T1 experiments (Cade-Menun et al., 2002) . Temperature was regulated at 20°C (Cade-Menun et al., 2002) . For each sample, the total NMR experiment lasted 3.5 to 4 h, collecting 2400 to 2900 scans.
Compounds were identifi ed by their chemical shifts (ppm) relative to an external orthophosphate standard. The spectra were processed with NUTS software (Acorn NMR, Livermore, CA), using automated peak analysis and spectral integration, based on total peak area (CadeMenun, 2005) . Spectra were processed with 7-and 1-Hz line broadening, using automated baseline-correction and peak-picking routines in the processing software. Peak assignments were based on previous work (Cade-Menun, 2005) . For NaHCO 3 and HCl fractions, the orthophosphate peak was shifted relative to orthophosphate monoester peaks and was identifi ed based on its position after enzyme addition.
The inorganic P forms detected in these samples included orthophosphate (6.0 ppm), pyrophosphate (−4.3 ppm), and polyphosphate (−8 to −22 ppm). The chemical shifts denoted here are for water and NaOH fractions; as noted above, peak locations were slightly different for NaHCO 3 and HCl fractions. Within the organic P forms, peaks for two phosphonates were detected: aminoethyl phosphonates at 20.1 ppm and phosphonolipids at 18.3 ppm (CadeMenun, 2005) . In the orthophosphate monoesters region, peaks were observed for phytate (myo-inositol hexakisphosphate) in most samples before enzyme addition, and peaks for scyllo-inositol P were observed at 3.7 ppm in soil samples (Turner and Richardson, 2004) . Peaks for other orthophosphate monoesters were seen at 5.2, 5.0, 4.8, 4.7, 4.2, and 4.05 ppm. These compounds may include other inositol phosphates, mononucleotides, and sugar phosphates, and may also include degradation products produced during extraction (Turner et al., 2003b) , which were not specifi cally identifi ed. Orthophosphate diester species were separated into phospholipids (1.7, 1.3, 1.1, 0.0, 0.5, 0.1, and −0.2 ppm), deoxyribonucleic acid (DNA) at −0.7 ppm, and other orthophosphate diesters (−1.0 and −1.5 ppm).
Phosphorus Determination
Soluble P i in the incubation mixtures was determined by a molybdate blue method (He and Honeycutt, 2005) . Three types of enzymatically hydrolyzable organic P forms were quantifi ed based on previous substrate specifi city studies (He et al., 2004a (He et al., , 2006d : (i) simple monoester P, which was P i released by potato phosphatase alone; (ii) polynucleotide P, which was the difference between P i determined after incubation with potato phosphatase + nuclease P1 and after incubation with potato phosphatase alone; and (iii) phytatelike P, which was defi ned as the net increase in P i determined after incubation with potato phosphatase + nuclease P1 +3-phytase compared with that determined in Step ii. Total P, Ca, Mg, Al, Fe, and Mn in sequential fractions were determined with inductively coupled plasma-atomic emission spectrophotometry (ICP-AES; Plasma 400 Emission Spectrophotometer, PerkinElmer, Norwalk, CT). Nonhydrolyzable P o was calculated as the difference between total P and the sum of other identifi ed P forms as described above.
RESULTS AND DISCUSSION
Phosphorus and Metal Distribution in Sequential Fractions
Sequential fractionation extracted most of the P in the PL into the stable HCl fraction, with the least amount in the NaHCO 3 fraction (Table 1 ). The content of total P in the HCl Table 1 . Concentrations of total P and selected metals in sequentially extracted fractions. 26.7 ± 4.7 3.7 ± 1.9 0.2 ± 0.2 0.5 ± 0.7 1.5 ± 0.7 NaHCO 3 9.1 ± 1.8 (10.4) 31.0 ± 0.4 ND 62.9 ± 13.3 21.9 ± 9.7 0.7 ± 0.2 NaOH 67.1 ± 2.0 (76.5) 40.1 ± 4.3 19.5 ± 25.2 1734 ± 352 297 ± 251 2.9 ± 2.9 HCl 2.1 ± 0.2 (2.4) 56.7 ± 3.0 27.7 ± 0.9 666 ± 23 673 ± 30 54.6 ± 1.5
Soil with 20-yr of poultry litter application H 2 O 32.2 ± 0.2 (8.5) 37.2 ± 0.2 7.3 ± 0 12.9 ± 5.9 9.2 ± 3.1 0.3 ± 0.0 NaHCO 3 82.2 ± 13.9 (21.7) 147 ± 18 9.4 ± 0.9 4.6 ± 1.3 14.9 ± 1.4 0.9 ± 0.2 NaOH 230 ± 1 (60.7) 22.7 ± 13.7 11.6 ± 3.0 1033 ± 96 276 ± 31 2.3 ± 0.1 HCl 34.6 ± 18.8 (9.1) 161 ± 146 55.4 ± 38.1 690 ± 39 673 ± 118 54.6 ± 13.5 † Mean ± standard deviation (n = 2). The values in parentheses in the P column are the percentages of total extracted P. ‡ ND, not detected.
fraction was six or seven times greater than that in the NaHCO 3 fraction; however, the PL still contained a considerable amount of the most labile H 2 O-extracted P with 3033 g P kg −1 of dry matter. As observed previously (He et al., 2003a) , the P distribution in the four sequential fractions of soil was different from that of animal manure (Table 1) . In contrast to manure, there was little P in the HCl fractions of the soils. The majority of extractable P in the soil without PL application was distributed in the NaOH fraction, with comparable modest amounts in the H 2 O and NaHCO 3 fractions. Repeated application of PL for 20 yr increased the P contents in all four fractions but did not change the distribution pattern. Whereas P in H 2 O and NaOH fractions increased three-to fourfold, P in the NaHCO 3 and HCl fractions increased eight-to 10-fold after 20 yr of application of PL (Table 1 ). This observation indicates that P fractions in the PL did not simply accumulate in the soil, but some interchange among fractions occurred. Previously, the exchange of dairy manure P across fractions was observed in incubated soils (He et al., 2004b (He et al., , 2006b ). The distribution patterns of the fi ve metal cations in the PL differed from those of the soils. The majority of Ca was observed in the HCl fraction of the PL (Table 1 ). In the NaOH fraction, the Ca content was greater than Fe and Al. In fact, the NaOH fraction contained the lowest Fe content in all four fractions of the PL. This was also observed in other studies using poultry litter (He et al., 2006c) and swine manure (He et al., 2003a) . As the total P concentration in the NaOH fraction was higher than the molar concentration of Al and Fe, the two metal cations seem to play only limited roles in extraction of PL P from the NaOH fraction (He et al., 2003a (He et al., , 2006c , in contrast to the assumption that NaOH extracts Fe and Al-bound Fe from soils Ae, 1997, 1999) .
Hydrolyzable Organic Phosphorus in Sequentially Extracted Fractions
Potato phosphatase alone released no or little amounts of P o from the four PL fractions (Fig. 1) . Inclusion of nuclease P1 did not improve the effi ciency of enzymatic hydrolysis. A remarkable increase in P i was observed in these fractions after further incubation with the additional fungal phytase. These data are consistent with previous observations on the hydrolysis of P o from PL (He et al., 2006c) . Based on the substrate specifi city of these enzymes (He et al., 2004a (He et al., , 2006c , the hydrolyzable P o released by the three sequential enzymatic hydrolysis treatments could be assigned to simple monoester P, polynucleotide-like P, and phytate-like P (Table 2 ). Phytate-like P was the major component of the hydrolyzable P o in all four fractions, although the percentage varied from 4.8% of extracted P in the NaHCO 3 fraction to 73.2% of NaOH-extracted P. In these fractions, only 2.1 to 12.9% of the extracted P was not hydrolyzed (Table 2) . We conclude that enzymatic hydrolysis efficiently hydrolyzed the majority of the P o extracted from the PL.
Compared to those in the PL fractions, P concentrations in the sequentially extracted fractions of the soils were very low (Table 1) , which made it diffi cult to determine the different P o forms in these soil fractions. Thus, no enzymatic hydrolysis experiment was performed with the H 2 O fraction, and only the total hydrolyzable P o was determined by incubation with the three enzymes together (He et al., 2004b) . In the unamended soil (Soil-0), hydrolyzable P o was observed in NaHCO 3 , NaOH, and HCl fractions (Fig. 2, Table 2 ). About 25 and 60% of extracted P in NaHCO 3 and HCl fractions, respectively, was hydrolyzable P o. The NaOH fraction contained the majority of the P extracted from the unamended soil (Fig. 2) ; however, the hydrolyzable P portion was only 4.2% in the NaOH fraction, leaving 41.2% of NaOH-extracted P in Soil-0 as unknown P o (Table 2) .
In contrast to the case of the PL sample, enzymatic hydrolysis did not release any P from the NaHCO 3 and HCl fractions of the Fig. 1 . Increase of soluble inorganic P determined after enzymatic incubation of sequentially extracted fractions of poultry litter: P-e, control; P+1e, after incubation with potato phosphatase; P+2e, after incubation with potato phosphatase and nuclease P1; P+3e, after incubation with potato phosphatase, nuclease P1, and fungal phytase; P+t, total extracted P in each fraction; DM, dry matter. 
-----------% -----------Poultry litter
Inorganic P 58.4 ± 9.5 † 82.0 ± 6.2 18.1 ± 0.1 25.0 ± 5.3
Hydrolyzable organic P (P o ): 33.3 ± 10.5 5.5 ± 4.6 80.0 ± 6.6 62. soil that had received 20 yr of PL application (Soil-20) (Fig. 3) . Therefore, all P in the two fractions of Soil-20 seemed to be in the form of P i (Table 2) . Some hydrolyzable and unknown P o was present in both the H 2 O and NaOH fractions of Soil-20 (Table 2 ). Enzymatic hydrolysis revealed that the P species in the four fractions differed between Soil-0 and Soil-20 (Table  2 ) even though the patterns of total P distribution in the four fractions were not different ( Table 1) . The difference between total extracted P and P i in each of the NaHCO 3 and NaOH fractions of both soils was small and was sometimes calculated to be negative. This negative value can arise when the difference between total extracted P and P i is small and the experimental errors are greater than the difference itself. Similar observations have been reported previously (He et al., 2004b (He et al., , 2006a Yu et al., 2006) . In addition to this variability, different background interferences between the colorimetric method and ICP-AES can also contribute (He et al., 2006a; Ajiboye et al., 2007) . In such cases, enzymatic hydrolysis may provide a better alternative to detect the presence of P o in these fractions. This is because the same molybdenum blue method was used to determine P i before and after enzymatic hydrolysis and the difference was calculated as the portion of hydrolyzable P o even though a negative value between total P by ICP-AES and P i by a colorimetric method was observed (He et al., 2006a) .
Phosphorus Forms Identifi ed by Phosphorus-31 Nuclear Magnetic Resonance Spectroscopy
All four fractions of PL demonstrated multiple 31 P NMR peaks (Fig. 4) . The P o peaks represented myo-, scyllo-IP6, other phosphomonoesters, lipids, and DNA (Table 3) . Although not exactly the same, the relative abundance of P i and P o species in the four fractions of PL as identifi ed by NMR was similar to that identifi ed by enzymatic hydrolysis. In contrast to the spectra of the untreated fractions of PL, the 31 P NMR spectra of the same fractions with enzymatic hydrolysis treatments were quite different (Fig. 4) . The P o peaks in these spectra became very weak or even disappeared, indicating that enzymatic hydrolysis had converted these P o species into orthophosphate. Quantitatively, after the treatment, the percentage of orthophosphate increased from 84.0 to 90.8% in the H 2 O fraction, from 88.1 to 99.1% in the NaHCO 3 fraction, from 17.1 to 89.4% in the NaOH fraction, and from 13.8 to 85.2% in the HCl fraction (Table 3 ). The increase in orthophosphate was accompanied by a corresponding decrease in all other P species except lipids. The increase in lipid P was attributed to lipid impurity in the commercial enzyme preparation, as shown by lipid signals in the enzyme control spectrum (Fig. 4) .
The signal/noise ratios of the 31 P NMR spectra of the soil fractions were lower than those for manure due to lower P concentrations and higher Fe/P ratios in these extracts (NMR spectra not shown). In most fractions, only orthophosphate was detected, although other P forms might have been present but could not be reliably distinguished from the background noise (Table 3) . Multiple distinguishable 31 P NMR peaks appeared in the spectra of NaOH fractions from both soils and NaHCO 3 fractions of Soil-20 (Table 3) , as these three fractions contained relatively high P concentrations (Table 1) . After enzymatic hydrolysis of the NaOH fractions of Soil-0, the percentages of pyro-and poly-P i and myo-IP6 decreased; however, orthophosphate changed from 68.2 to 54.0% (Table  3) . Apparently, the presence of lipids in the impure enzyme became relatively stronger (14.3%) with a lower P concentration in the extract, which diluted the percentage of orthophosphate. Data for the NaHCO 3 and NaOH fractions of Soil-20 more rigorously demonstrated that enzymatic hydrolysis effectively converted soil P o in the two fractions to P i (Table 3) , as the increase in orthophosphate was accompanied by a corresponding decrease in other P forms. Bishop et al. (1994) also observed that solution 31 P NMR analysis of NaOH extracts of untreated and phytase-treated volcanic soils showed a decrease in phytate and a corresponding increase in orthophosphate in the phytase-treated sample.
Comparison of Phosphorus Species Identifi ed by Enzymatic Hydrolysis and Solution Phosphorus-31 Nuclear Magnetic Resonance Spectroscopy
Although there were few positive results for the soil samples, the NMR data for the PL were suffi cient to demonstrate that the P species identifi ed by enzymatic hydrolysis and 31 P NMR spectroscopy are comparable. Previously, He et al. (2007) demonstrated that the distribution patterns of major P forms in NaOH-EDTA extracts of poultry manure and dairy manure determined by the two methods were similar, with a correlation coeffi cient of 0.93. The sequential fractionation procedure used here is more complicated. Either enzymatic hydrolysis (He et al., 2004a (He et al., , 2006a (He et al., , 2006c or solution 31 P NMR spectroscopy (Turner and Leytem, 2004) has been used to characterize P forms in sequentially extracted fractions of animal manure, but the two methods have not been used together. The distribution of P species in the four sequentially extracted fractions of the PL by both methods in this study was similar to the patterns observed by enzymatic hydrolysis (He et al., 2006c) and solution 31 P NMR spectroscopy (Turner and Leytem, 2004; Ajiboye et al., 2007) , respectively. For example, the orthophosphate was 84.0, 88.1, 17.1 and 13.8% of the extracted P in the H 2 O, NaHCO 3 , NaOH, and HCl fractions, respectively, in the PL we investigated by solution 31 P NMR spectroscopy (Table 3) . Turner and Leytem (2004) reported orthophosphate to comprise 89, 82, 14, and 14%, respectively, of the extracted P in the four fractions of their broiler litter sample. The percentage of P i determined by NMR spectroscopy in the labile fractions (i.e., H 2 O and NaHCO 3 fractions) was greater, however, than that quantifi ed by enzymatic hydrolysis (Tables 2 and 3 ). In the most labile H 2 O fraction, we detected 58.4% of extracted P as P i and 33.0% of extracted P as hydrolyzable monoester P by enzymatic hydrolysis, whereas NMR spectroscopy determined 84.0% of extracted P to be orthophosphate P, 11.2% to be monoester P, 2.4% to be lipid P, and 1.6% to be DNA P (Tables 2 and 3) . Similarly, the H 2 O fraction of boiler litter investigated by Turner and Leytem (2004) contained 89% of P as orthophosphate, with 6% as monoester P, 3% as lipid P, and 2% as DNA P. In addition to some measurement errors, we attributed the hydrolysis of some P o species under the alkaline conditions used for NMR analysis as the major cause for less P o identifi ed by NMR analysis. Spontaneous hydrolysis of P o species under alkaline conditions has been previously observed (He et al., 2003b; Pant et al., 1994) . In fact, Turner et al. (2003a) proposed that hydrolysis of some P o compounds must be accepted as an unavoidable limitation on P characterization by solution 31 P NMR spectroscopy. Hydrolysis has also been shown to occur during lyophilization of alkaline extracts (Cade-Menun et al., 2006) , but is unlikely to have happened in our samples because they were adjusted to pH 5 for the enzyme assays before lyophilization. In the NaOH fraction, enzymatic hydrolysis revealed 18.1% of extracted P as P i , with 79.6% as monoester P, 0.2% as polynucleotide-like P, and 2.1% as unknown P o (Table  2) . These data were comparable to 17.1% of extracted P as orthophosphate, with 0.8% as pyrophosphate and 82.1% as monoester P in the same fraction (Table 3) , and to 14% as orthophosphate and 86% as monoester P with trace amounts of pyrophosphate in the NaOH fraction of a broiler litter sample reported by Turner and Leytem (2004) . Apparently, any highly labile P o species should have been spontaneously hydrolyzed during extraction with NaOH, leaving little labile P o to further hydrolyze during alkalization of the fractions for NMR analysis. The consistence of data in the NaOH fractions further confi rmed that the two methods were identical and the difference in labile fractions was due to partial hydrolysis of P o under alkaline conditions. If any labile P is a factor of interest, we recommend that it be characterized using a more mild enzymatic procedure (He et al., 2003b (He et al., , 2006d . Solution 31 P NMR spectroscopy accounted for 80.0% of P in the HCl fraction of the PL as phytate P (myo-and scyllo-IP6 in Table 3 ) but 59.4% by enzymatic hydrolysis ( Table 2) . The difference could be due to an overestimation of phytate by solution 31 P NMR spectroscopy as observed previously with the high ionic strength in NaOH-EDTA extracts (Smernik and Dougherty, 2007) . The calculation of phytate in the NaOH fractions was confi dent due to spiking trials with similar samples. We did not spike the other fractions with phytate, however, which may have resulted in overestimation. The different spectral features of the enzymatically treated HCl fraction implied, however, that the majority of P in the untreated HCl fraction was in the organic form because these peaks disappeared, leading to only the orthophosphate peak prominent in the 31 P NMR spectrum of the enzymatically treated HCl fraction (Fig. 4) .
The presence of P o in the sequentially extracted HCl fractions merits further discussion, as this portion of P has not been measured or reported in numerous previous publications (Sharpley and Moyer, 2000; Dou et al., 2003; Ajiboye et al., 2004; McDowell and Stewart, 2005) . Using the enzymatic hydrolysis approach, He et al. (2006a) demonstrated that the sequentially extracted HCl fraction of some environmental samples may contain signifi cant amounts of P o . Among the four PL samples investigated in that study (He et al., 2006a) , the content of P o was even greater than that of P i in two HCl fractions. Turner and Leytem (2004) identifi ed 84% of P in the HCl fraction of broiler litter as P o using 31 P NMR spectroscopy. The content of P o in the HCl fraction accounted for 41% of total extracted P in their broiler litter sample. Ajiboye et al. (2007) reported 60% of P in the HCl fraction of their PL sample as phytate P identifi ed by 31 P NMR spectroscopy. In our work, using both enzymatic hydrolysis and 31 P NMR spectroscopy, the dramatic reduction in P o NMR peaks after enzymatic treatment of the HCl fraction undisputedly supports the conclusion that signifi cant P o was present in the HCl fraction of our PL sample. Based on the total P extracted in the fraction (Table  1) , P o in the HCl fraction was 38 (Table 2) to 44% (Table 3 ) of the total extracted P. Characterization of P o in the HCl fraction and investigation of its transformations on soil application will certainly provide more comprehensive insight into improving management practices for poultry litter application.
Residual Phosphorus from Poultry Litter in Soil
Repeated application of PL for 20 yr increased the P concentration in all four fractions of Soil-20 (Table 1) . Subtracting the P content in the fractions of Soil-0, the increase was 22.8, 73.1, 162.9, and 32.5 mg kg −1 of soil in the H 2 O, NaHCO 3 , NaOH, and HCl fractions, respectively. The order of P increase in the fractions was H 2 O < HCl < NaHCO 3 < NaOH. This order was not consistent with the distribution pattern of P in the PL, which was NaHCO 3 < NaOH < H 2 O < HCl (Table  1) . While the low accumulation of most labile H 2 O-extractable P from the PL could be explained by runoff, plant uptake, and soil immobilization, the low rate of increase in the stable HCl fraction of PL in the soil must be due to exchange of these P fractions of the PL within the soil environment.
We further analyzed the P species in the soil fractions by enzymatic hydrolysis and 31 P NMR spectroscopy. This information shed light on the interchange mechanism. Both enzymatic hydrolysis and 31 P NMR spectroscopy showed that all four fractions of soil contained less P o than their PL counterparts (Tables 2 and 3 ). Remarkably, P o was observed only in the NaOH fractions of PL-applied soils. Unlike the P o in the NaOH fraction of the PL, however, the majority of these P o species in the soil were not enzymatically hydrolyzable (Table 2) . Basically, no P o was observed in the HCl fractions of PL-applied soils. Thus, it is reasonable to assume that most, if HCl −e 100 ¶ HCl +e 100 ¶ † ND, not detected. ‡ IP6 was probably present but the diagnostic IP6 peaks could not be separated from those of other monoesters due to pH < 14. § No water fraction was tested due to low P concentration in this fraction. ¶ Other P forms might have been present but were below the instrument detection limit.
not all, stable P o in the HCl fraction of the PL was transformed to other fractions in the soil. As no detectable hydrolyzed P o accumulated in any of the soil fractions, those P o species transferred to labile H 2 O and NaHCO 3 fractions might be subjected to leaching and runoff. Other P o species left in the soil must have been fi rst hydrolyzed to P i , then immobilized to Al and Fe (hydr)oxides to become part of the P i in the NaOH fraction. This hypothesis is supported by the fact that phosphatase activity is present in soil environments (Tarafdar and Claassen, 1988; Yadav and Tarafdar, 2003) and the fact that the NaOH fraction acts as a sink for added P i as observed in both shortand long-term studies (Beck and Sanchez, 1994; Buehler et al., 2002; Zheng et al., 2002; He et al., 2006b ). In the meantime, part of the H 2 O-extractable P of the PL would also have been immobilized with Al and Fe (hydr)oxides (Griffi n et al., 2003) . The residual P from the PL in the NaOH fraction of the soil could be further converted to NaHCO 3 -extractable P i or vice versa, as complementary fl uctuations of P i between the two fractions were observed in laboratory incubations of soil amended with dairy manure (He et al., 2004b (He et al., , 2006b ). The complex interactions led to the accumulation of residual P from PL in the soil with a pattern of H 2 O < HCl < NaHCO 3 < NaOH, but with less P o in any of these fractions.
CONCLUSIONS
This work comparatively characterized P in sequentially extracted H 2 O, 0.5 mol L −1 NaHCO 3 , 0.1 mol L −1 NaOH, and 1 mol L −1 HCl fractions of PL and PL-applied soil by enzymatic hydrolysis and solution 31 P NMR spectroscopy. Both methods demonstrated the presence of both P i and P o in all four fractions. While the distribution of P species quantifi ed by the two methods was similar in the NaOH fraction of the PL, solution 31 P NMR spectroscopy detected less P o in the other fractions, which we attribute to partial hydrolysis of P o under the alkaline conditions required by NMR analysis. The peaks of P o species became very weak or disappeared in the solution 31 P NMR spectra of the enzymatically hydrolyzed fractions. This observation confi rmed the validity of P species in the untreated fractions identifi ed by enzymatic hydrolysis or solution 31 P NMR spectroscopy. We conclude that both methods are suitable to characterize P in an environmental sample but enzymatic hydrolysis is preferable if determining labile P o species is a goal.
The majority of P in the stable NaOH and HCl fractions of the PL was in the organic form, mainly as phytate-like P. In fact, P o in the HCl fraction was 38% (enzymatic hydrolysis data) or 44% (NMR data) of the total extracted P. Compared with soil not receiving PL, 20 yr of PL application increased the pools of both labile and stable P i in the soil. Repeated application of PL did not lead, however, to a signifi cant accumulation of hydrolyzable P o in the NaOH and HCl fractions, indicating that the stable (hydroxide-and acid-extractable) P o in the PL must have been converted in the soil to other forms. The transformation of stable PL P o observed in this study could be an important mechanism for maintaining a balance between labile and immobile P in soils.
